Abstract: Soil erosion occurring at highway construction sites can contribute large amounts of sediment to the local stream network and degrades overall water quality. The environmental impacts of the sediment-laden stormwater runoff can be mitigated by employing appropriate best management practices ͑BMPs͒. Silt fence is one of the most widely used BMPs at highway construction sites. Numerous field studies have shown that silt fence installations at highway sites have a high degree of failure due to flow around the end of the fence, and due to concentrated erosion along the toe of the fence. To address these problems, erosion control manuals often recommend installing a tieback ͑also known as "j-hook"͒ at the down slope end of the fence. However, no one has systematically studied the sediment removal efficiency of tieback designs to develop a rational procedure for field installations. In this research, we quantified the effectiveness of silt fence systems installed with tiebacks by comparing its efficiency against systems installed without tiebacks. We completed this comparison study using an intermediate-scale laboratory model that was designed to study the erosion processes occurring at highway construction sites. The model allowed us to observe various erosion and sediment transport processes in a controlled setting. The results show that silt fence installations utilizing tiebacks remove sediment primarily through the process of sedimentation, not by filtration. Installation of a tieback improves the ability of the silt fence system to act as a temporary detention basin and greatly enhances the system's ability to remove suspended particles by sedimentation. Our experimental data shows that a well designed silt fence with tiebacks can remove up to 90% of solids transported by the runoff water.
Introduction
The construction of buildings, roadways, parking lots, and sidewalks is a major industrial activity. In 2002, about 1.2 trillion dollars were spent on various construction projects in the United States ͑U.S. Census Bureau 2002͒. These activities disturb native prairies and woodlands and introduce large new impervious regions. These disturbed areas impact various hydrological processes, which lead to increased runoff volumes, increased peak flow, greater runoff velocities, and reductions in the time of concentration. Furthermore, when this excess runoff water traverses construction-impacted areas, it can cause accelerated soil erosion. Fundamentally, erosion is a natural process by which the earth's land surface is worn away by the action of water, wind, ice, or gravity. Erosion is highly influenced by the natural topography, soil type, and vegetative cover. Since construction projects disturb large areas of natural landscapes, the erosion processes at these sites are accelerated at a rate significantly higher than that of the natural erosion rate.
Accelerated erosion from construction sites can contribute large amounts of sediment to the stream network and degrade its water quality. The sediment particles suspended in the stormwater runoff will be carried to downstream waterways, where they will eventually be deposited. In the United States, erosion from construction sites deposits approximately 3.5 billion metric tons of sediment into streams and rivers annually ͑Landphair et al. 1997͒. Sediment concentrations released from construction sites range from 10 to 20 times greater than that of agricultural land and 1,000 to 2,000 times greater than naturally forested land ͑USEPA 2000͒. Therefore, a few hours of discharge from a construction site can contribute more sediment to streams and rivers in comparison to what can be deposited from other natural or anthropogenic sources over a much longer time period. Hence, it is imperative that construction projects incorporate all necessary measures to control off-site migration of sediments.
The building of highways, streets, and bridges is a commonly encountered construction activity in the U.S., representing approximately 7% ͑$83 billion͒ of the total amount of dollars spent annually by the construction industry ͑U.S. Census Bureau 2002͒. Construction activities associated with highway projects are typically heavy earthmoving operations that disturb several square miles of undisturbed land areas. These disturbed areas can act as a nonpoint sediment source during storm events. Erosion control practices play an important role in minimizing the impacts of these nonpoint sources. The pollution control measures that are designed to provide a practical field solution to various types of nonpoint source pollution are known as best management practices ͑BMPs͒. BMPs can be a device, a practice, or a method used to remove, reduce, or prevent stormwater pollutants from reaching receiving water bodies ͑USEPA 2004͒. BMPs can be categorized into structural or nonstructural practices. The nonstructural BMPs include stormwater management techniques, such as institutional, educational, or pollution prevention practices that use natural measures to reduce pollution levels ͑USEPA 2004͒. Nonstructural BMPs do not require extensive construction efforts and they mitigate the effects of stormwater runoff by either limiting stormwater volume or by reducing the concentration of pollutants in the runoff. Structural BMPs, on the other hand, are engineered systems designed to provide temporary storage and treatment of stormwater runoff ͑USEPA 2004͒. Examples of structural BMPs include check dams, rip rap, sediment basins, turbidity curtains, and sediment barriers such as wattles, haybales, sand bags, and silt fence. Among available structural BMPs, silt fence is the most commonly used BMP at highway construction sites ͑Harbour 1999͒.
Silt fences ͑also known as filter fences͒ are typically constructed using geotextile filter fabric supported on regularly spaced steel or wooden posts. They act as sediment barriers and are expected to prevent off-site sediment migration by filtering the sediment laden runoff discharged from the site. Barrett et al. ͑1998͒ evaluated the performance of various geotextile filter fabrics in removing total suspended solids from construction site stormwater runoff. This work estimated that up to 75% of the suspended solids in the runoff water can be filtered by using silt fences with appropriate textile material.
At highway construction sites, silt fences are typically installed in long, linear runs parallel to a roadway at the toe of the fill slope along the right of way ͑ROW͒. Typical highway design procedures recommend that sediment barriers be installed on the contour below the slopes disturbed by construction activity. One of the key shortcomings of this traditional installation procedure is that the fence is susceptible to erosion along the toe as a result of the concentrated flow that runs along the longitudinal direction ͑i.e., parallel to the road͒ towards the downhill direction of the fence ͑Stevens et al. 2004͒ . The toe erosion process will slowly undermine the effectiveness of the silt fence and the system will eventually fail by allowing the sediment to pass beneath the fence instead of filtering through it. Furthermore, the sediment-laden flow can escape the containment system by flowing around the edge of the fence. To avoid these two problems, silt fence tiebacks, commonly referred to as "j-hooks," are often used in practice. Many field design documents recommend several empirical procedures for installing j-hooks at construction sites. For example, Fifield ͑2004͒ states that when silt fence is used to create a small sediment containment system, the end posts must be turned uphill to prevent water from flowing around the edges. Barrett et al. ͑1995͒, Robichaud et al. ͑2001͒, and Stevens et al. ͑2004͒ recommend tying silt fences back into the contour with a j-hook configuration to create a small sediment basin that can allow sediment deposition. However, these references neither provide a quantitative estimate of the effectiveness of j-hook designs, nor offer a rational explanation for how and why they work. Furthermore, none of the empirical installation procedures consider the effects of highway grade in their design. There is also a lack of consistency between the recommended designs, which adds considerable skepticism in the use of silt fence tieback configurations. Therefore, the objective of this research is to study, test, and quantify the effectiveness of silt fence tieback configurations at highway construction sites using an intermediate-scale laboratory model. Fig. 1 shows a conceptual design for installing silt fence tiebacks at highway construction sites. We developed this conceptual drawing by integrating various empirical ideas proposed in practice manuals. As shown in this design, the downhill end of the silt fence is turned in the upward direction of the fill slope to form a j-shaped hook. A more practical approach to evaluate the performance of this design is to study silt fence installations with and without j-hooks at a field site. However, such a study completed at a large field-scale setting will be expensive and will be influenced by multiple natural variations. The data from these studies may have limited use because it is difficult to control the fluxes to establish a good sediment and water balance around the system of interest. To address these problems, we developed an intermediate-scale model that was designed to simulate typical erosion processes occurring at a highway construction site. The model was equipped to establish a complete water and sediment mass balance around the system. The results from multiple controlled experiments are used to investigate the effectiveness of silt fence tiebacks in minimizing sediment discharge from highway construction sites.
Methodology

Experimental Plan
Details of the Intermediate-Scale Highway Erosion Model
The intermediate-scale highway erosion model was designed to simulate soil erosion and sediment transport along the ROW of a linear highway construction project. The highway cross-sectional detail used for designing our erosion model was based on a typical cross section used by the Alabama Department of Transportation ͑ALDOT͒. A schematic of the cross section is shown in Fig.  2 . We used this schematic as a guide and reduced this typical cross section at a ratio of 1:6 to design our intermediate-scale model. Fig. 3 shows an isometric view of our highway erosion model. The model is approximately 2.4 m ͑8 ft͒ long and 2.4 m ͑8 ft͒ wide, and it represents a 14.6 m ͑48 ft͒ wide by 14.6 m ͑48 ft͒ long roadbed system. The upper boundary of the model corresponded to the centerline of the roadway and the lower boundary of the model extended 0.61 ͑2 ft͒ short of the ROW. The major elements of the model include the rainfall simulator, the impervious area resembling the roadway pavement, the fill slope where erosion is expected to occur, the silt fence installation zone, and multiple sampling points to collect the sediment laden stormwater runoff. Fig. 4 illustrates the subbase strata used in the model, which consists of 5.1 cm ͑2 in.͒ of the test soil as the top layer, followed by 2.54 cm ͑1 in.͒ of clay soil, and 7.6 cm ͑3 in.͒ of gravel material overlaid by woven geotextile filter fabric. Highly erodible silty sand was used as the top layer in all our tests since the soil texture is commonly encountered in the coastal regions of Alabama. A clay layer of thickness 2.54 cm ͑1 in.͒ was installed be- neath this top layer to control infiltration. We used expanded polystyrene aggregates as an alternative gravel material in the 5.1 cm ͑3 in.͒ gravel layer to reduce the dead load on the model. The woven geotextile fabric served as a barrier to separate the soil layers from the expanded polystyrene aggregate layer.
Experimental Design
The goal of the experimental study was to demonstrate the effectiveness of utilizing silt fence tiebacks for controlling sedimentladen runoff from a typical highway construction site. Multiple experiments were completed to quantify the total amount of solids leaving our intermediate-scale model test site under two silt fence configurations: ͑1͒ A linear silt fence installation without ͑w/o͒ a tieback, and ͑2͒ a curved silt fence installation with ͑w/͒ a tieback. Our laboratory model setups with these two test configurations are shown in Fig. 5 . The first experimental configuration ͓Fig. 5͑a͔͒ used a silt fence without a tieback and this experiment was repeated twice to ensure the reproducibility of the model results; these tests are designated in this text as Test-1 and Test-2. The second experimental configuration ͓Fig. 5͑b͔͒ used a silt fence with a tieback and this experiment was also repeated twice and these tests are designated as Test-3 and Test-4.
The road slope ͑also the erosion-face slope or the silt-fence slope from left to right͒ was fixed at 2% to represent the worstcase scenario of a typical highway constructed on a level terrain. Our simulations focused on studying the first flush from a field site for 30 min. The term "first flush" is a phenomenon that is associated with the occurrence that the first portion of stormwater runoff in a storm event is the most contaminated water ͑Stenstrom and Kayhanian 2005͒. Previous field studies completed in Florida have shown that the first flush equates to the 1 in. of runoff and it carries about 90% of the pollution load discharged from a storm ͑Alabama Soil and Water Conservation Committee 2003͒. Silt fences are typically designed to withstand 2-to 5-year rainfall events. We selected to use a 2-year, 30 min rainfall event for Auburn, Alabama, which represents a typical 2-year storm event for eastern Alabama. From the intensity duration frequency data for this region, we selected the rainfall intensity as 3.8 cm ͑1.5 in.͒ for the 30 min erosion tests ͑NOAA 2006͒.
Model Preparation
A standard preparation method was established and was strictly followed to set the initial condition for all four tests. Use of the following standard method helped minimize the experimental variability between model simulations. Prior to each test, the top silty sand layer was removed and replaced with a new fresh batch of silty sand to maintain a standard initial grain size distribution. The layer was compacted using an aluminum hand roller to attain 90% compaction. This level of compaction was deemed to be adequate since it is close to the true level of compaction used in ALDOT highway construction projects. A clean silt fence was installed in accordance with the technique described in the ALDOT standard specifications for highway construction ͑ALDOT 2002͒. Prior to the start of each experiment, the top silty sand layer was irrigated to attain fully saturated conditions. Beginning each test from a fully saturated condition allowed us to eliminate the potential uncertainties related to unsaturated storage and helped us simulate reproducible initial conditions. In addition, the fully saturated condition represented the worst case scenario, where the erosion would occur immediately upon the start of the rainfall event.
Data Collection Procedure
The erosion test was started by opening the valve that controlled flow to the rainfall simulator. A uniform rainfall intensity of 7.6 cm/ hr ͑3 in./ hr͒ was maintained for 30 min. To simulate this rainfall intensity, the valve was opened to allow a flow rate of 7.57 l / min ͑2 gpm͒. The water and sediment flux transmitted by the model were recorded at three collection points. The first point, designated as C-1, collected the overland flow that ran along the toe of the silt fence and accumulated at the downhill end of the fence; the second point, designated as C-2, collected the total overland flow that filtered through the silt fence; and the third point, designated as C-3, collected the water and sediment flow transmitted via infiltration and by excess spill flow. The location of the collection points C-1, C-2, and C-3 are shown in Fig. 3 . The sediment-laden stormwater transmitted at all three points was accumulated in three different containers over a 2 min interval. All three collection containers were simultaneously replaced every 2 min and a total of 45 samples ͑three containers every 2 min for the 30 min period͒ were collected over the test period. These containers were numbered and stored in a sequential manner. After the test, the following steps were used to analyze the stormwater runoff samples: 1. "Toe flow" collected at C-1: This water represented the cumulative volume of runoff that ran along the front face of the silt fence down the ditch slope towards the downhill direction. This water was extremely turbid and had maximum sediment concentration ranging from 10,000 to 130,000 mg/ L. After measuring the volume, the turbid water was poured through No. 200 sieve to separate the larger solids from the fine suspended solids in the solution. The sieve was weighed to quantify the total amount of large suspended solids. A 24 ml sample of the water passed through the sieve was used to quantify the total amount of fine suspended solids. A total of 15 containers were processed in this manner. 2. "Silt fence flow" collected at C-2: This water represented the cumulative volume of runoff that filtered through the silt fence over the 2 min sampling interval. The filtered water was turbid and contained only fine suspended solids. The suspended solid concentration of this water ranged from 1,000 to 30,000 mg/ L. A 24 ml sample from each of the 15 containers was analyzed to determine the total suspended solids transmitted through the silt fence. 3. "Other flow" collected at C-3: This water represented the total volume transmitted via infiltration along with any spill flow that was accumulated beyond the model limits. This water was clean and did not contain any suspended sediment.
Results and Discussions
Fig . 6 presents the flow data collected at the three collection points over the 30 min experimental period. Fig. 6͑a͒ shows the flow components collected for the silt fence configuration without a tieback ͑Tests-1 and -2͒, and Fig. 6͑b͒ presents the flow components for the silt fence configuration with a tieback ͑Tests-3 and -4͒. The data presented in these figures show that the two duplicate trials completed for each configuration ͑representing four total experimental trials͒ produced similar results, demonstrating the reproducibility of the experiment. This was an interesting result because the actual erosion processes occurred at the slope face of the model appeared to form random patterns. In all our experiments, during the first few minutes of the test, the erosion was primarily due to overland sheet flow; after this period, small channels ͑i.e., rills͒ started to emerge and the water began to concentrate towards these channels. This resulted in higher erosion along these channelized pathways that eventually become gullies. The spatial distribution and also the width and depths of these rills and gullies were random. Despite the apparent randomness, the integrated response of the model, both flow and sediment response, collected at various outlets from the two duplicate test runs, were quite similar ͑see Fig. 6 for flow data and Fig. 8 for sediment data͒.
Comparison of data shown in Figs. 6͑a and b͒ indicate that installation of the silt fence tieback substantially influenced the amount of water flow transmitted via different pathways and eventually discharged at different collection points. Fig. 6͑a͒ indicates that the dominant flow pathway in this system is the "toe flow" that ran along the toe of the silt fence toward the downhill slope direction and discharged at C-1. The amount of water filtered through the silt fence system ͑i.e., silt-fence flow͒ and other infiltration and spill volume were relatively small when compared to the toe flow. The system without a tie back exhibited some level of undercutting and posed increased risk for allowing sediments to pass under the silt fence installation.
The data shown in Fig. 6͑b͒ illustrate the ability of the tieback design to minimize the toe flow. In this experiment, the toe flow was completely eliminated and all the water was forced to filter through the silt fence or discharged through infiltration. Figs. 7͑a and b͒ illustrate the differences in the flow accumulation patterns at the toe of the two silt fence configurations. Fig. 7͑b͒ clearly shows how the tieback installed at the down slope end allowed runoff to pond behind the fence to form a temporary detention basin. This detention basin provided additional detention time for solids to settle out of suspension and accumulate behind the silt fence. On the other hand, in the system without a tieback, water and suspended sediments accumulated at the toe were continuously transported downhill along the silt fence. This flow also caused enhanced erosion at the toe of the fence and allowed more solids to migrate off site. Therefore, installation of a tieback is a very useful modification to the traditional silt fence design.
The measured sediment flow rates discharged from the four experiments are compared in Fig. 8 . The data shown in Fig. 8 represent the amount of sediment discharged during Tests-1 through -4, for each of the two configurations, measured at dis- Fig. 6 . Runoff volume versus time data crete 2 min intervals over the entire 30 min test. The experimental results show that for the system without a tieback ͑Tests-1 and -2͒, the solid flow increased rapidly and the system reached a quasi-steady condition within 10 min, reaching an average sediment flow rate of 2,271 l / min ͑600 gpm͒. The observed patterns of the sediment graphs for Tests-1 and -2 were quite similar, though there were some differences. The differences are primarily due to minor variations in the initial conditions, natural variations in the soil properties, and other measurement errors that occurred during the processing of 45 different water samples.
Comparison of the sediment graphs of the system without a tieback ͑Tests-1 and -2͒ against the system with a tieback ͑Tests-3 and -4͒ clearly indicates a dramatic difference in overall sediment transport. As shown in Fig. 7 , with the installation of a tieback, the sediment-laden runoff was forced to pond behind the silt fence resulting in sedimentation of solids, thus, the tieback considerably minimized the amount of sediment discharged from the model. By integrating the area under sediment graphs, we estimated the cumulative amount of solids transported from the model as 12, 195, 15, 628, 1, 398 , and 1,512 g for Tests-1, -2, -3 and -4, respectively. The cumulative amounts of solids discharged from the two different test trials were similar. The average estimate for the amount of solids transported from the system without a tieback over the 30 min storm duration was 13,912 g. In comparison, the average amount of solids transported from the system with tieback was 1,455 g. The use of a silt-fence tieback resulted in a nearly 90% reduction in solid discharge.
To assess the overall quality of the experimental dataset, we performed a detailed mass balance analysis by verifying whether the volume of water applied as rainfall can be balanced against the measured cumulative outflows. For each of the four test trials, the storm intensity ͑via rainfall͒ during the tests was 7.57 l / min ͑2 gpm͒ for the 30 min test duration, resulting in approximately 227 l ͑60 gal͒ of water. Fig. 9 shows this inflow along with the cumulative volume collected from outlets C-1, C-2, and C-3, for all four of the tests over the 30 min test duration. The data shown in Fig. 9 illustrate that the total cumulative volume measured from the three collection systems at any point in time, for any two similar systems, is almost identical. The two experimental runs with a tieback consistently had less cumulative outflow because, under this configuration, a considerable amount of water was stored behind the silt fence in the temporary detention basin area. To attain complete mass balance, it was necessary to recover the water stored in the model at the end of each simulation. This model storage volume was measured by allowing the system to drain into a collection container for a long period. A detailed mass balance analysis of the inflow, outflow, and storage data is presented in Table 1 . The data show that the absolute mass balance error ranged from 1.2 to 7.7%. This indicates excellent mass balance, considering the fact that the problem simulated by this study is a complex system influenced by several natural and experimental variabilities. Despite the complexities, we were able to attain over 92% water balance closure between the rainfall applied to the model and stormwater runoff collected from different collec- It is important to note that our experiment study was completed in an ideal mode where the storage volume behind the tieback was sufficient to contain the entire flow generated by the storm event. This forced the bulk of the runoff to flow through the silt-fence. For rainfall events above the design storm, the runoff generated will exceed the storage capacity of the tieback installation and will cause the excess water to spill over the silt fence or flow around the down slope edge. If the silt-fence tieback is installed properly just beyond the minimum requirement that the elevation of the toe be placed equal to the height of the silt fence, as shown in our conceptual design ͑Fig. 1͒, then the flow around the end of the fence will be eliminated. The excess flow generated under this failure mode will then be forced to flow over the silt fence when inflow due to rainfall exceeds storage and outflow volumes. However, even under this failure mode, the system with a tieback will remove considerably more sediments than a system without a tieback by allowing longer settlement periods. However, it should be noted that during such an overtop condition, the lateral stability of the silt fence installation could be compromised, leading to a catastrophic failure. Therefore, the system should be designed to avoid such overtop conditions, at least during common rainfall events. Finally, the clay layer installed beneath the top layer of our model minimized the amount of infiltration in our system. For site conditions without such a low permeable layer, the tieback design should also substantially increase the infiltration due to the excess water accumulating within the temporary detention basin. This should further help increase the overall performance of the sediment removal system.
Conclusions
We present the design details of an intermediate-scale model, which was developed to simulate the erosion processes occurring at a highway construction site. The model allowed data collection under a well controlled setting where variabilities in the environmental processes such as rainfall, infiltration, and overland flow were minimized. The collection points available in the model allowed us to sample and quantify fluxes transmitted by individual transport processes such as infiltration and overland flow, and helped us establish a comprehensive flow balance around the system. The integrated flow and sediment data collected from different experimental trials yielded similar results.
The results of this study clearly demonstrate that the tieback installation improved the ability of the silt-fence system to act as a temporary detention basin, which greatly enhances its ability to remove suspended particles by sedimentation. The results also indicate that silt fences remove sediment primarily through sedimentation, whereas filtration removal is secondary. Therefore, the widely used alternate name "filter fence," to refer to a silt fence, could be a misleading terminology, which might detract site contractors from viewing the system as a means of forming a temporary detention basin. We conclude that a silt-fence system should be conceptually viewed as a temporary detention basin system and any effort to increase the storage volume of individual tieback installations will help increase the overall effectiveness of the system. Therefore, well designed silt fences that maximize removal through sedimentation in conjunction with filtration will produce the most optimal results. This research is an attempt to fill a gap in the general knowledge about proper installation of silt-fence tiebacks at highway construction sites to minimize the sediment load transported offsite. However, further field and modeling studies are needed to develop objective design methods that will relate the frequency of tiebacks to the ditch slope, rainfall intensity, and soil properties. 
